Introduction
Di abetic ketoacidosis (DKA) and hyperglycemic hyperosmolar syndrome (HHS) are common hyperglycemic emergencies that require hospitalization. While some hospitals, including our own, have protocols that allow some patients with DKA to be admitted to acute care units, 1,2 the majority of DKA and HHS patients require admission to an intensive care unit (ICU) for management, including intravenous insulin administration. Simulation modeling of medical errors based on current quality specifications for point-of-care (POC) blood glucose (BG) meters suggests that using POC rather than venous laboratory glucose to determine insulin infusion rates can cause differences >50% in the administered insulin doses. 3 These estimates are based on previous studies that demonstrated increased POC glucose meter error relative to laboratory glucose measurement among critically ill patients. [4] [5] [6] [7] Accordingly, the U.S. Food and Drug Administration (FDA) has requested that all hospital glucose meters include a limitation of use statement indicating that the device is not intended to be used in critically ill patients. This would not disallow use of POC glucose meters in ICU patients but does make measuring POC BG in ICU patients an off-label use. Importantly, similar to other ICU patients, patients with DKA/HHS frequently have comorbid conditions that could decrease the accuracy of POC plasma glucose estimation from whole blood, including dehydration, hypoperfusion, acidosis, and hyperosmolality. 8, 9 This institution's current glucose meter manufacturer guidelines recommend not using Accu-Chek POC BG meters in patients presenting with DKA or in critically ill patients with HHS. 10 One small study has shown a good correlation between POC and venous BG in pediatric DKA patients, 11 while an emergency room study in patients with suspected DKA showed that an Abbott glucose meter systematically underestimated BG values (on average by ~115 mg/dl). 12 Importantly, counter to manufacturers' guidelines, in practice, POC glucose results are commonly used to adjust insulin infusion rates in critically ill patients, 13 including those with hyperglycemia, DKA, and HHS. Accordingly, this study investigated the accuracy of capillary and venous POC glucose in comparison with laboratory BG results among adult DKA/HHS patients admitted to the ICU. Additionally insulin infusion errors due to POC glucose meter use were evaluated.
Methods
A prospective, cross-sectional study was conducted on all nonpregnant adult subjects admitted from the emergency department (ED) to the Harborview Medical Center medical cardiac intensive care unit (MCICU) from February 2011 through November 2011 with a primary diagnosis of DKA or HHS. All subjects received standard-of-care treatment both in the ED and in the MCICU. DKA/HHS Critical Care Orders and study procedures were reviewed with the registered nurses working on this unit. The admitting registered nurse obtained venous blood for laboratory testing per DKA/HHS Critical Care Orders (see Appendix A) on admission and again 2 and 4 h postadmission. At each time point, one drop of the venous blood was applied to the study Accu-Chek test strip lot (lot 551388) and measured using a single designated ROCHE Inform meter (uj67005478) used exclusively for the study to reduce lot-to-lot and interinstrument variability. 14 Levels 1 and 2 quality control testing (lot 900) were performed on the study meter no more than 24 h prior to use. A capillary POC glucose measure was obtained from the patient using the study test strip lot and glucose meter within 15 min of each laboratory draw. Blood laboratory glucose was collected in a lime green PST tube containing lithium heparin without a metabolic inhibitor. Proximate arterial or venous pH, plasma osmolality, hematocrit, and insulin infusion rates, when available, were obtained by chart review. Using the DKA/HHS critical care orders and decision tree/algorithms (see Appendix B and C), the difference between actual insulin infusion rates based on capillary POC glucose and hypothetical insulin infusion rates based on laboratory venous glucose values was calculated. At our institution, patients are converted from a DKA/HHS protocol to a standard intravenous insulin protocol when BG values have stabilized at the 200-300 mg/dl range for 4 h. Clinical outcomes for all subjects in our study, including hypoglycemia <70 mg/dl and venous laboratory values that decreased >75 mg/dl (maximum ideal decrease per the DKA/HHS protocol) were evaluated. Data presented are means ± standard error of the mean unless otherwise indicated. Null hypothesis was rejected at a p value < .05 determined by Student's t-test, chi square test, or Fischer's exact test as indicated in the following section. This study was approved by the University of Washington, Human Subjects Division (IRB 616-2345).
Results

Study Subjects and Glucose Data
A total of 84 potential time points were obtained from 28 patients with a maximum of three time points included per patient. Eliminating all capillary and venous POC results beyond the 15 min cutoff, as well as missing venous or capillary POC results, yielded 66 glucose pairs (laboratory versus venous POC) and 61 glucose pairs (laboratory versus capillary POC) analyzed further in the following. Of these, 45 time points contributed all three glucose values. The mean laboratory glucose was 340 ± 25 mg/dl (range 88-1186 mg/dl). The mean hematocrit was 36.6% ± 6.4% with a range of 23-52%, meaning that none of the 28 patients had a hematocrit value outside the Accu-Chek reference range of 20-55% for BG > 200 mg/dl. 10
Timing of Point-of-Care and Laboratory Sampling and Reporting
Venous POC BG was performed at the same time that the venous blood sample was drawn for measuring laboratory BG. The mean time elapsed between the venous POC BG and the time stamp on the laboratory blood sample was 4.0 ± 0.4 min, suggesting that this was mean time elapsed for samples to be transported from the ICU to the clinical laboratory. The time interval from when venous blood arrives in the laboratory until glucose values are reported in the electronic medical record is significant. Fifty percent of stat laboratory glucose values are reported within 27 min, while 95% of values are reported within 48 min. The mean time difference between the blood draw (venous POC) and the capillary POC was also 4.0 ± 0.4 min.
Correlation of Venous Laboratory and Venous Point-of-Care Glucose Values
Venous laboratory and POC glucose values were strongly correlated ( Figure 1A ; r = 0.98, p < .001). Excluding POC readings of "HI" (>600 mg/dl; Figure 1A , open squares), 40 out of 56 POC glucose values were greater than the matched laboratory values. Mean divergence of venous POC glucose was 21 ± 3 mg/dl higher than the laboratory glucose, while the mean percentage deviation was 7.4% ± 0.7% and did not differ between laboratory glucose values <200 mg/dl (6.4% ± 0.9%) and laboratory glucose values ≥200 mg/dl (7.9% ± 1.0%; p = .32). The International Standards Organization (ISO) standard 15197 for glucose meters adopted by the FDA requires that 95% of POC glucose results must be within 20% of the paired laboratory glucose value. 15 In our study, only 2 of the 56 (4%) venous POC glucose pairs diverged by >20%, thus meeting the ISO standard 15197. Laboratory glucose values were >500 mg/dl for all 10 HI venous POC glucose readings.
Correlation of Venous Laboratory and Capillary Point-of-Care Glucose Values
Venous laboratory and capillary POC glucose values were also strongly correlated ( Figure 1B ; r = 0.97, p < .001), with the exception of two outliers described in the following. Excluding POC readings of HI, 46 of 50 POC glucose values were greater than matched laboratory values, and mean divergence of capillary POC glucose was 30 ± 4 mg/dl from laboratory glucose, exceeding the divergence of the venous POC glucose values (p = .04 versus venous POC BG difference from laboratory glucose by Student's t-test). Ten out of 50 (20%) glucose pairs diverged by >20%, exceeding the ISO standard 15197 and exceeding divergence in the venous POC group (p < .001 versus venous POC, by Fischer's exact test). For 2 of the 11 HI capillary POC glucoses (Figure 1B , open squares), the laboratory glucose values were <500 mg/dl (447 and 365 mg/dl). In addition, there were two (3%) low outliers for capillary POC glucose, one with a POC value of 445 mg/dl when the laboratory glucose was 1186 mg/dl and one with a POC value of 213 mg/dl when the laboratory glucose was 476 mg/dl (Figure 1B, diamond symbols) , which were not included in the correlation analysis. Only one of these two patients showed a consistent large divergence between the capillary POC and laboratory venous BG values. Importantly, divergence between venous POC and laboratory BG was similar to other subjects, suggesting a peripheral, rather than systemic, factor, but the patient's blood pressure was normal and the physical exam did not mention edema or cyanosis. As expected based on published data, 16 the capillary POC glucose meter error was higher (+38 ± 6 mg/dl) for laboratory glucose values between 200 and 400 mg/dl (mean 292 ± 12 mg/dl) compared with laboratory glucose values <200 mg/dl (mean 148 ± 12 mg/dl) for which the divergence between capillary POC and laboratory venous glucose was only +16 ± 3 mg/dl (p < .001 by Student's t-test), causing a divergence between the regression line (Figure 1B, black line ) and the line of identity (Figure 1B, dashed line). However, the mean percentage deviation of capillary POC glucose values was not different for laboratory glucose values <200 mg/dl (12.1% ± 2.8%) compared with laboratory glucose values between 200 and 400 mg/dl (11.6% ± 1.5%; p = .86) or laboratory glucose values >400 mg/dl (15.2% ± 5.5%; p = .56). The mean percentage deviation from laboratory glucose was higher for capillary POC BG values than for venous POC BG values (p < .001). ). Blood glucose pairs with glucose meter readings of HI are shown as squares (n = 11) and are not included in the correlation. Gray squares indicate two of the glucose pairs for which the glucose meter reading of HI corresponded to laboratory glucose value <500 mg/dl. Open diamonds indicate two outlier glucose pairs for which the capillary POC BG value was much lower than the laboratory glucose value, and these outliers were not included in the correlation. For both graphs, the solid line is the regression line and the dashed line is the line of identity between the two tests.
The Effect of pH and Osmolality on Glucose Meter Error
We subsequently evaluated the effect of blood pH and osmolality on the difference between capillary POC and laboratory venous glucose values. A total of 33 capillary POC and laboratory glucose pairs were identified with a proximate plasma osmolality measure (less than 15 min). Osmolality was >315 mOsm/liter for 14 pairs (mean 325 ± 2 mOsm/liter) and ≤315 mOsm/liter for 19 pairs (mean 305 ± 1 mOsm/liter; p < .001). The divergence between capillary POC and venous laboratory glucose was not different between the two osmolality groups: 53 ± 18 mg/dl for >315 mOsm/liter and 31 ± 10 mg/dl for pairs ≤315 mOsm/liter, p = .22. There was a significant difference in mean plasma glucose between the two groups (>315 mOsm/liter, 375 ± 22 mg/dl, versus ≤315 mOsm/liter, 222 ± 22 mg/dl; p < .001).
In contrast, plasma pH did affect glucose meter error. A total of 31 capillary POC and laboratory glucose pairs were identified with a proximate plasma pH (less than 15 min). When plasma pH was less than 7.3, the difference between capillary POC and venous laboratory glucose values was 56 ± 20 mg/dl (n = 13), while for samples with plasma pH ≥ 7.3 (n = 18), the glucose difference was only 24 ± 4 mg/dl (Figure 2 ; p = .03). Importantly, there was no significant difference in mean venous glucose values between the two groups (pH < 7.3, 284 ± 40 mg/dl, versus pH ≥ 7.3, 278 ± 21 mg/dl; p = .6). This finding was also present when examining the difference between venous POC glucose and laboratory venous glucose, which was 27 ± 6 mg/dl when pH was <7.3 and only 11 ± 2 mg/dl when pH was ≥7.3 (Figure 2 ; p = .03).
Evaluation of Insulin Infusion Rates Based on Capillary Point-of-Care versus Laboratory Glucose Values
Insulin infusion rates would not have changed for 33 of the 61 (54%) time points. Of the remaining 28 time points, rates would have been higher for 24 of the 61 (39%) time points and lower for only 4 of the 61 (7%) time points. On average, the diverging insulin infusion rates were only 7% ± 2% higher using capillary POC glucose than would have occurred using laboratory glucose values (i.e., 3.2 U/h (POC) instead of 3 U/h (laboratory)). Of the insulin infusion rates that would have been different using laboratory glucose values, 18 of the 28 had a difference of ≤1.0 U/h, 8 of the 28 demonstrated a difference of 1.2-2.0 U/h, and 2 of the 28 had a rate difference of 3-4 U/h. Examining clinical outcomes, we found no instances of hypoglycemia (glucose <70 mg/dl). Evaluating the glucose difference between consecutive laboratory samples 2 h apart identified 35 intervals for which we could calculate a mean hourly glucose decrease. Of these, 6 resulted in a decrease of >75 mg/dl/h (ideal BG decrease is 50-75 mg/dl/h). In all 6 instances, the insulin infusion rate based on the capillary POC glucose was identical to the hypothetical insulin infusion rate based on the laboratory glucose. None of the remaining 29 time intervals resulted in excessive BG decreases, even when the hypothetical laboratory adjusted insulin infusion rate would have been less than the actual capillary POC adjusted rate. The mean BG decrease in the first 4 h of treatment was 45 ± 9 mg/dl/h. that in the healthy outpatient population. 16 Importantly, the correlation was high even though, in contrast to many other POC glucose studies, our study involved actual staff nurse operators rather than designated study personnel.
Several studies have called into question the accuracy of POC glucose results in hospitalized and critically ill patients, [4] [5] [6] [7] leading to significant agreement that POC BG meters should have tighter standards (e.g., less than 10% difference between POC and laboratory glucose results). 17 One study found that 15% of capillary and 7% of venous POC glucose values differed >20% from laboratory values (range 45-650mg/dl), 7 exceeding the ISO standard 15197, 15 similar to our data (20% capillary and 4% venous POC values differ >20% from laboratory glucose) and that of others. 8 A second study in ICU patients 5 demonstrated systematic overestimation of glucose by POC glucose meters similar to our study. However, venous POC error was not considered clinically significant (using Parke's error grid 18 ), consistent with our finding in patients with DKA/HHS. In addition, similar to our study, 3% of capillary POC glucose values severely underestimated plasma glucose. 5 While underestimated BG is unlikely to cause hypoglycemia from excess insulin administration, patient harm could occur by delaying correction of metabolic disturbances in patients with DKA/HHS. Our study demonstrated no difference in hourly glucose decreases >75 mg/dl when insulin infusion rates based on capillary or laboratory glucose values would have diverged, and no hypoglycemia occurred. Previous studies have suggested that, while very low or high hematocrit, hypotension, and edema contribute to POC error in critically ill patients, 5-7 these factors are less common, especially in patients with DKA. In our study, greater POC error was associated with higher BG levels, as demonstrated previously. However, the clinical impact of greater POC error at high
Discussion
Per FDA "limitation of use" guidelines, some manufacturers no longer recommend using POC glucose meters in critically ill patients and have plans to make POC glucose meter use in the ICU "off label." While some patients with mild DKA can be safely managed outside of the ICU, 1 the majority of DKA and HHS patients are admitted to an ICU, are treated with intravenous insulin, and require frequent BG evaluation. Some manufacturers of hospital POC glucose recommend against using POC BG results to make insulin administration decisions for patients with DKA and HHS but provide little evidence to support this recommendation. 10 Relying on laboratory glucose values can result in increased cost and long delays before insulin infusion rates are changed, which could result in patient harm. Currently, therefore, in clinical practice, POC glucose values are used to adjust intravenous insulin. In this study of patients with DKA/ HHS, the correlation between both capillary and venous POC glucose and laboratory glucose values is similar to glucose levels in hyperglycemic patients with DKA/HHS remains uncertain. While previous studies have concluded that POC glucose values should not be used in critically ill patients, [5] [6] [7] our study does not suggest that use of POC glucose values causes clinically significant error in patients with DKA/HHS. One reason for this difference may be that, while DKA/HHS patients have many of the same clinical characteristics as critically ill patients in previous studies (acidosis, dehydration, severe hyperglycemia), they often have much lower medical acuity. DKA/HHS tends to resolve relatively quickly, and ICU admission is often brief and based on the need for monitoring rather than cardiac, pulmonary, or other organ failure, and thus, the impact of POC error may differ between DKA/HHS patients and a general ICU population. 1, 2 In addition, previous studies focused on DKA/HHS patients evaluated potential clinical harm based on measured POC error but did not evaluate actual hypoglycemic events or patient harm.
An in vitro study using ROCHE Inform meter (which uses glucose dehydrogenase pyrroloquinoline quinine technology) showed no interference in estimating plasma glucose between pH 6.7 and 9.8, 19 and a review suggested that pH between 6.8 and 7.55 does not cause significant POC glucose error. 4 One previous study using Abbott Precision QID meters (glucose oxidase technology) suggests POC error related to varying pH. 12 Our in vivo study suggested that pH < 7.3 increases POC error independent of BG levels, and future studies will be needed to identify the role of acidemia in contributing to POC error using a variety of commonly used hospital glucose meters. In contrast, plasma osmolality >315 mOsm/liter did not increase POC error, demonstrating that hyperosmolality related to free water deficits and dehydration is not a major confounder for POC glucose estimates as had been previously suggested. 4
Limitations
Our study was performed at one institution in a single ICU. Our conclusions are limited to one commonly used hospital glucose meter-the ROCHE Inform meter-and importantly, our findings are consistent with a study in critically ill patients on a tight glycemic control protocol using the same type of meter. 5 In contrast to these findings with the ROCHE meter, a study using Abbott Precision QID glucose meters in patients with suspected DKA in an ED demonstrated that the Abbott meter consistently underestimated glucose compared with laboratory glucose values. 12 Thus, our findings cannot be generalized to all glucose meters currently in clinical use, and further studies are needed to evaluate different meters in the DKA/HHS patient population. This study protocol reduced some of the known variability of POC BG results by using a single designated study meter and a single lot of test strips. 14 This may not always be feasible in clinical situations, and thus, in real clinical scenarios, POC error rates-or at least the divergence between consecutive POC BG values using different meters or test strip lots-may be greater than demonstrated in this study.
Our study sample was modest; however, the strong correlations we observed would unlikely be altered by enrolling additional subjects. Our study took place in the ICU after patients had received initial stabilization in the ED; however, we obtained sufficient numbers of samples from acidotic and hyperosmolar patients to determine the effect of these variables on divergence between POC and laboratory BG values. However, our study was not primarily designed to determine the effect of pH and osmolality on accuracy of POC BG meters, and more definitive studies regarding POC glucose and acidosis are warranted. Because our sample included only four "pure" HHS patients, our findings need to be confirmed by larger studies examining POC error in patients with HHS.
Conclusions
In patients with DKA/HHS, capillary and venous POC glucose values are highly correlated with laboratory glucose values. While POC error systematically overestimates plasma glucose and insulin infusion rates are higher using POC glucose values than would have occurred using laboratory glucose values, our study did not demonstrate hypoglycemia or excessive hourly glucose decreases due to capillary POC adjusted insulin infusion rates. Our study suggests that venous POC glucose, and potentially capillary POC glucose, values are safe to use in ICU patients with DKA/HHS, with hourly BG monitoring using a single meter and test strip lot per patient, for adjusting insulin infusion rates per this institution's DKA/HHS protocol. Further study is needed to determine if this finding can be replicated in larger multicenter investigations.
